and the flows compared with results from hydraulic and electrical models of the fish circulatory system. In the hydraulic model increase in "dorsal aortic" compliance resulted in an increase in cCdorsal aortic" flow pulsatility and decrease in pressure pulsatility. Damping of the CCdorsal aortic" pressure and flow pulses was illustrated by a simple analysis of a windkessel model. In the animal the ventral aortic flow pulse was 75 yO of the mean flow, whereas in the dorsal aorta flow was less oscillatory (pulse 46y0 of mean flow) ; nevertheless, flow was twice as pulsatile as pressure in the dorsal aorta. The results are discussed in terms of a simple windkessel model and it is concluded that considerable compliance resides after the gills. In this light, the advantages of smooth gill blood flow are examined paying particular attention to the effect of pulsatile flow in the gills on gas exchange.
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THE INTERPOLATION OF GILL CAPILLARIES
between the heart and systemic circulation in fish results in a number of problems which are not encountered in the circulatory systems of tetrapods with separate lung and systemic circuits. Recently Satchel1 (20) h as d rawn on Taylor's (23) analysis of a simple "windkessel system" to describe the fish circulation in terms of an electrical analog. The windkessel represents a lumped system in which pulse wave velocity is infinite and pressure or flow changes occur simultaneously throughout the system. Taylor (23) suggests that a windkessel has an optimal time constant which represents a compromise between reducing pulsatility and decreasing the response time of the whole system in respect to changes in flow or pressure. Since the dorsal aorta of elasmobranchs is relatively stiff (13) like that of teleosts (unpublished observations), weight is given to Satchel15 (20) g ar ument that the majority of the compliance in the fish arterial system is located before the gills. Since the length of vessel between the heart and gills is not great, there are obvious advantages in increasing the central compliance by means of the large elastic bulbus arteriosus.
As Satchel1 (20) points out, this will have the effect of reducing sudden surges in pressure and flow early in each cardiac cycle, although most measurements of ventral aortic flow made to date show zero flow during part of the cycle (8, 18). High heart rates have been shown to give rise to continuous flow throughout the cardiac cycle in ling cod ( 17). The resistance offered by the gill capillaries must also have an effect on pressure and flow in the vessels collecting blood from the gills and conveying it to the capillaries of the systemic circulation.
In trout a fall in mean pressure of some 33 % occurs across this capillary bed (4) . The pattern of blood flow in arteries on the efferent side of the gills has not been determined.
However, assuming negligible compliance in this part of the system then, from pressure determinations alone (4)) flow might be expected to be much less pulsatile than that in the ventral aorta. The experiments described in this paper were undertaken to see whether flow and pressure patterns in the dorsal aorta were of the type predicted from the morphology and models of the system.
METHODS
Experiments onjsh. The experiments were performed on 18 cod, Gadus morhua, weighing between 2 and 3 kg, at temperatures between 9 and 10°C. The fish were anesthetized in 2 % urethan solution, and cannulas and flow probes were inserted with the fish supported, in air, on an operating table (2 1). During this time water containing the anesthetic was pumped over the gills.
The ventral aorta was exposed by a 4-cm incision in the ventral midline, just anterior to the pectoral fins. The coronary vessel was moved to one side and a flow probe was placed around the ventral aorta. The leads were sutured to the adjacent muscle mass and the incision was closed. The union of the efferent branchial vessels to form the dorsal aorta is extremely variable in fishes ( 19). In the cod the efferent branchials on each side join the lateral dorsal aortas, which are linked anteriorly and posteriorly, to form the circulus cephalicus.
Part of the right dorsal aorta together with its associated efferent branchials was exposed by an incision in the skin forming the posterior wall of the opercular cavity. The fourth efferent branchial artery was cannulated toward the dorsal aorta with PE-90 tubing to record dorsal aortic pressure. The gill side of the vessel was tied off. A cufftype flow probe was placed around the right dorsal aorta adjacent to the fourth efferent branchial artery along with a pneumatic flow occluder. Zero flow in the right dorsal aorta was achieved by inflating the pneumatic cuff and in the ventral aorta by injection of 5-10 pg/kg acetylcholine, (Fig. 1) . The cannula and blood pressure transducers were filled with heparinized (40 IU/ml) 0.9% NaCl solution. After implantation of the cannulas and flow probes, fish were placed, singly, in 50-gal polyethylene tanks containing seawater. Records were obtai ned from the unrestrained fish in these tanks after recovery from the operation.
About 48-72 h after implantation of the cannulas and flow probes the fish appeared to deteriorate rapidly, as shown by loss of equilibrium.
Cameron et al. (2) have shown that tying off one gill arch has little effect on oxygen uptake or cardiac output in the stingray. The cod in our experiments were caught on hook and line and handled several times. This, rather than implantation of cannulas per se, was probably the major factor contributing to poor postoperative survival. In these experiments records were obtained only from fish that appeared to be in good condition.
Records of blood flow in the ventral aorta were obtained from 6 fish, flow in the right dorsal aorta from 14 fish, dorsal aortic blood pressure from 8 fish, and buccal cavity pressure from 11 fish. Blood flows in the ventral and dorsal aortas were measured simultaneously in four fish, although only in one fish were all parameters recorded at the same time. Hydraulic model. To simulate the heart, a constant pressure head was connected to a rotary valve which opened once per cycle for 50 % of the total cycle period. The ventral aorta was simulated by using variable lengths of compliant rubber tubing (0.5 cm diam) to which "extra" compliance could be added by means of a side arm connected to additional lengths of blind-end rubber tubing. The "ventral aorta" was connected to the "dorsal aorta" (made of stiff-walled vinyl tubing of 0.5 cm diam) by a capillary tube which represented the gill resistance. A side arm from the vinyl tubing connected to a blind-end length of compliant rubber tubing which, in the condition of zero compliance in the "dorsal aorta," was closed off at the side arm by a pair of hemostats. Removal of the hemostats effected an immediate and marked change in "dorsal aortic" compliance.
The ccdorsal aorta" terminated in a length of capillary tubing which represented the systemic resistance. of 4-5 mm diam were inserted in both the cCventral aorta" in a position where 80 % of the compliance was upstream and in the "dorsal aorta" immediately after the "gill resistance," proximal to the introduced compliance. Pressures were recorded by catheters connected to one of the arms of the cannulating flow probes. The instrumentation used to record pressure and flow was the same as that used in the experiments on the fish and consequently the hydraulic model was filled with 0.9% NaCl.
Clearly, a model of this type represents a simplification of the real situation because the ventral and dorsal aortas are represented as single elastic chambers in each of which the pressure is everywhere the same. This is also true of the electrical analog of Satchel1 (20). What is not clear in the case of fish is how far an arterial system of progressively branching, more or less elastic, tubes results in disturbances traveling through the system at a relatively low velocity so that pressures do not change simultaneously at all places. Some assertions have been made that the tubes are sufficiently short and stiff to make these considerations unimportant (23)) but no experimental evidence has yet been produced.
RESULTS
The foregoing limitations not withstanding, an analysis of simple hydraulic and electrical analogs provides considerable insight into the pressure-flow relationships in fish. As these models have proven advantageous in interpretation of the data obtained from the fish, the results from them will be presented first.
Model circulatory systems of fish. The hydraulic model has been utilized to examine the role of "dorsal aortic" compliance on pressure-flow relationships either side of the "gill resistance."
When "dorsal aortic" compliance was virtually zero, pressure and flow in the "dorsal aorta" were of similar wave form and equal pulsatility (Fig. 2) . Introduction of a compliance into the "dorsal aorta" caused flow pulsatility to increase and pressure pulsatility to decrease (Fig. 2) . Since flow through a pure resistance has the same profile as pressure, if inertial effects are neglected, the "dorsal aortic" pressure also reflects the flow pulse through the "systemic" resistance (Fig. 2) . Consequently, in the compliant system, flow is much less pulsatile at the peripheral end of the "dorsal aorta" than at the "gill" end of the same vessel.
The flow pulse at the peripheral end of a compliant cCdorsal aorta" is also much smoother in profile than at the input ("gill")
end. The origin of the damping effect is most clearly illustrated by a simple mathematical analysis of Satchell's (20) electrical analog (Fig. 3A) . The analysis indicates that, with constant input oscillations in the "ventral aorta," larger current oscillations in the "gill" resistance ( Fig. 3B ) and smaller oscillations in the "systemic" resistance (Fig. 3C) are produced as the frequency is increased. If a fish behaves in the same way as the model, then the higher harmonics in the complex wave form of flow seen in the dorsal aorta will be relatively much smaller than the corresponding harmonics of ventral aortic flow and, therefore, the flow profile will appear much smoother. However, rapid changes in flow rate through the gills will be possible as pressures build up during ventricular systole. analog are those that best predicted the pressure and flow wave forms observed' in the animal, although the general shape of the curves in Fig. 3 , B and C, are similar over a wide range of such values.
Pressure andflow in the cod. Experiments on fish confirmed that the pattern of blood flow was quite markedly different in the ventral and dorsal aortas (Fig. 4) . In the former the flow profile was in some ways similar to that seen in the arterial system of tetrapods. Flow very rapidly reached its maximum velocity during ventricular systole, after which there was a slower decline to the point when the valves between ventricle and aorta closed. However, there was no flow reversal during this period and flow continued in the ventral aorta during ventricular diastole, though with gradually declining velocity (Fig. 4) . At normal heart rates the flow did not fall to zero before the next cycle began and, in some cases, the lowest diastolic flow rate was as high as one-half that seen at the peak systolic level.
Flow in the dorsal aorta was still oscillatory, but less so than in the ventral aorta. On average, the dorsal aortic flow declined from a peak flow rate of 24.4 ml/min to a minimum flow rate of 16.1 ml/min ( Table  1) . The magnitude of the oscillations in flow (peak minus minimum flow rate) during each cardiac cycle was 46& 10 % of the mean flow in the dorsal aorta ( Table  1 ). The dorsal aortic flow profile was also markedly different from that in the ventral aorta. The blood velocity in the dorsal aorta increased slowly following ventricular systole and declined even more slowly, resulting in a flow profile that was very rounded in outline (Fig. 5 ). In the model the flow pattern in the "dorsal"
and "ventral aortas" were similar, even though the equivalent of 20 % of the ventral aortic compliance occurred between the two flow probes. In the fish the flow pattern in the ventral and dorsal aortas were markedly different, indicating a considerable compliance, in excess of that in the model, between the two probes. Ventral aortic flow in the fish was recorded just distal to the bulbus arteriosus, so that the major portion of the ventral aorta and the branches to and from the gill capillaries were located between the two flow probes. Obviously there must be significant compliance in these vessels.
The magnitude of the oscillations in dorsal aortic pressure (peak minus minimum pressure) during each cardiac cycle expressed as a fraction of mean pressure was 22&5 % as compared with 46=t 10 % for the oscillations in flow. In other words, the oscillations in flow in the dorsal aorta were twice as large as the oscillations in pressure. In some isolated instances, as shown in Fig. 5 , increases in peak systolic pressure occurred which were associated with decreases in the magnitude of pulse flow (peak minus minimum flow) although mean flow in the dorsal aorta increased.
In this case both pulse flow and pulse pressure aortas of cod. In this trace, buccal cavity pressure (bottom trace) shows good synchrony with heart beats (1:2 ratio), although this relationship was not maintained over extended recording periods. expressed as a function of their respective means were more or less the same. Mean flow in the circulus cephalicus was 18.1 ml/min and average cardiac output, computed from five animals, was 52 ml/min (Table 1) . Consequently about 66 % of the total cardiac output was being distributed into the dorsal aorta caudal to the gills and the remainder must have been supplied anteriorly or to the heart through the coronary circulation.
However, this assumes that flow recorded on the implanted side of the circulus cephalicus will be the same as on the other; this seems unlikely in that on the side in which flow was recorded the fourth efferent branchial artery was occluded by the pressure cannula.
DISCUSSION
The pattern of flow in the ventral aorta confirms that the physical parameters of the central arterial system in the cod allow maintenance of a continuous flow of blood, albeit with ever-decreasing velocity, throughout the cardiac cycle at normal heart rates. In considering the electrical analog, resistance is not inordinately large, being in the same range as that of the frog or duck when cardiac outputs are reduced to a unit-weight basis (9, 1 1), then the time constants must be extended by the relatively large compliance of the ventral aorta and/or bulbus arteriosus. There is still considerable pulsatility of flow within the ventral aorta and two possible explanations can be given to account for it. The first is that the ventral aortic compliance is not so great that, over the short length of vessel involved, flow surges with each cardiac contraction are completely smoothed. The second is that the systemic arterial system, despite the relatively stiff-walled dorsal aorta, is a system with significant compliance. In other words, the flow surges early in systole are indicative of charging this compliant system through the gill resistance. Certainly the results from the fish indicate that the systemic vascular bed is not entirely resistive since flow pulsatility in the dorsal aorta was usually double the pressure pulsatility. Young's modulus for the ventral and dorsal aortas of elasmobranchs, over the pressure range prevailing in the cod, are related in the ratio 1: 6 ( 13). The circumferences of ventral and dorsal aortas are related in the ratio approximately 2 : 1, but the lengths of vessel involved must differ by 1-2 orders of magnitude.
Obviously the compliance of even a low-distensibility tube will be large if it is very long. As was illustrated by the hydraulic model, the smaller the compliance in the 'cdorsal aortic" system the closer will be the relationship between pressure and flow pulsatility; that is, in a noncompliant system the two pulses will be related 1: 1 when expressed as a function, say, of mean pressure and flow. However, in the fish dorsal aorta, the relationship is about 1: 2 between pressure and flow pulses, respectively, and it was noted above that this indicates that not all the compliance is on the ventral aortic side of the gills. A systemic compliance, distal to the gills, must reduce pressure changes, producing a smoother pressure profile and consequently a less-pulsatile systemic outflow. Further-JONES, LANGILLE, RANDALL, AND SHELTON more, the results suggest that this systemic compliance can be varied. Occasionally in the present experiments an increase in dorsal aortic pressure was quickly followed by an increase in mean flow but a fall in the size of the flow pulse (Fig. 5) . Increase in dorsal aortic pressure and flow can be caused either by increased pressure in the ventral aorta or by a fall in gill resistance. The fall in the size of the flow pulse must be caused by a reduction in the systemic compliance. It is possible that the same agent, norepinephrine for example, could cause both a fall in gill resistance and a change in compliance of the vessels of the systemic arterial system. Certainly in mammals it is well established that applied norepinephrine, as well as causing vasoconstriction, produces substantial changes in the moduli of elasticity and viscosity of arterial vessels ( 1, 3, 15) . In the teleost gill norepinephrine is known to cause vasodilation ( 12, 14), so there is some basis for the two separate effects.
The models show that higher frequency components of the "dorsal aortic" flow pulse are more substantially affected by the "systemic" compliance than the low frequencies, as illustrated by the very damped nature of "systemic" outflow as compared with "gill" flow. These results from the models are, in many respects, so similar to the data collected from the fish that there can be little doubt that close parallels exist. In this connection it is to be expected that when the heart rate in the fish goes up, systemic compliance would cause an even more pronounced difference between gill and systemic outflow since both fundamental and harmonic frequencies would rise. Thus, in a stress situation which may be associated with high heart rates, systemic flow would become smoother and gill flow more pulsatile.
It has been argued that circulatory systems in general perform optimally in stress situations (23) and, if this is the case, there seems to be some reason to question the advantages commonly accepted for smooth flow of blood in the gills. Highly efficient gas exchange in a gill system may be possible only if water flow over the gills is unidirectional and more or less continuous (5, 7). In addition, the flow of water and blood through the gas exchanger should be closely matched if inefficiencies due to ventilation-perfusion imbalance are to be avoided ( 10, 16). Appropriate adjustment of the compliance of the systemic circula-.
